A two-dimensional hybrid Monte Carlo-fluid model, incorporating a full-wave solution of Maxwell's equations, is employed to describe the behavior of high frequency (HF) and very high frequency capacitively coupled plasmas (CCPs), operating both at single frequency (SF) and dual frequency (DF) in a CF 4 /O 2 gas mixture. First, the authors investigate the plasma composition, and the simulations reveal that besides CF 4 and O 2 , also COF 2 , CF 3 , and CO 2 are important neutral species, and CF þ 3 and F À are the most important positive and negative ions. Second, by comparing the results of the model with and without taking into account the electromagnetic effects for a SF CCP, it is clear that the electromagnetic effects are important, both at 27 and 60 MHz, because they affect the absolute values of the calculation results and also (to some extent) the spatial profiles, which accordingly affects the uniformity in plasma processing. In order to improve the plasma radial uniformity, which is important for the etch process, a low frequency (LF) source is added to the discharge. Therefore, in the major part of the paper, the plasma uniformity is investigated for both SF and DF CCPs, operating at a HF of 27 and 60 MHz and a LF of 2 MHz. For this purpose, the authors measure the etch rates as a function of position on the wafer in a wide range of LF powers, and the authors compare them with the calculated fluxes toward the wafer of the plasma species playing a role in the etch process, to explain the trends in the measured etch rate profiles. It is found that at a HF of 60 MHz, the uniformity of the etch rate is effectively improved by adding a LF power of 2 MHz and 300 W, while its absolute value increases by about 50%, thus a high etch rate with a uniform distribution is observed under this condition.
I. INTRODUCTION
Plasma etching plays a vitally important role in modern integrated circuit fabrication technology. Carbon tetrafluoride (CF 4 ) is an industrially important gas, which is used in the selective and anisotropic removal of patterned silicon.
1 For this purpose, the physical and chemical processes in CF 4 plasmas need to be well understood to improve the plasma performance, and they have been widely investigated both experimentally 2-6 and theoretically [7] [8] [9] [10] [11] [12] [13] in capacitively coupled plasmas (CCPs). Besides measurements of the densities of negative ions 2 and high mass species, 3 special attention has been paid to the production and loss mechanisms of CF x radicals by means of laser induced fluorescence 4 and infrared absorption spectroscopy 5, 6 under various conditions, since these radials play an important role in etch and polymerization processes. Moreover, considerable effort has also been made to study the important plasma physics and chemistry in CF 4 discharges (i.e., the role of negative ion attachment, the discharge mode transition, etc.) by fluid simulations [7] [8] [9] [10] and particle-in-cell/Monte Carlo modeling. [11] [12] [13] In order to control the production of radicals and improve the selectivity in etching, O 2 or other dilution gases are usually added to CF 4 discharges for practical material a) Electronic mail: yrzhang@dlut.edu.cn processing. Mogab et al. 14 showed that with an increasing O 2 fraction in CF 4 plasmas, the density of F atoms increases first because of the reaction between O 2 and CF 3 radicals, and subsequently, it decreases due to the oxygen dilution effects. Since the fraction of O 2 in the mixture affects the F atom density, the etch rate is also influenced, and this is another reason why O 2 is typically added as input gas. Besides experimental research, [14] [15] [16] [17] significant progress has also been achieved in theoretical studies of CF 4 /O 2 plasmas. [18] [19] [20] [21] In most of these studies, the emphasis is put on the densities of neutral species and the etch rate as a function of O 2 fraction, and the calculation results showed typically good agreement with experimental measurements.
In most of the studies mentioned above, the discharge is sustained by a single frequency (SF) source. However, in such SF discharges, the ion flux to the substrate and the energy of the ions when bombarding the substrate cannot be controlled independently in CCPs. Therefore, the dual frequency (DF) excitation system has been proposed to overcome this limitation and to meet the line-width, selectivity, and damage control demands for next-generation fabrication.
1, 22 Booth et al. 23 observed experimentally a significant decrease of the F À density by means of cavity ring-down spectroscopy, when a low frequency (LF) power (2 MHz) was added to the 27 MHz power in Ar/CF 4 and Ar/CF 4 /O 2 plasmas. Furthermore, the electrical asymmetry effect 24 and the electron energy distribution function (EEDF) 25 have been investigated numerically by a one-dimensional PIC simulation and a two-dimensional hydrodynamics model in DF CF 4 and Ar/CF 4 /O 2 discharges.
In order to obtain high density plasmas with low energy ions, very high frequency (VHF) sources have recently attracted growing interest and are now widely used in DF systems. However, in VHF discharges, when the excitation wavelength becomes comparable to the electrode dimension, the standing-wave effect becomes dominant, and it yields a pronounced power deposition at the reactor center. On the other hand, when the skin depth is not large compared with the plasma thickness, the skin effect has a significant influence, and results in a substantial power deposition at the radial edge. Therefore, both these so-called electromagnetic effects 26, 27 significantly influence the plasma uniformity and therefore the etch uniformity in VHF discharges.
Recently, several experimental [28] [29] [30] and theoretical [30] [31] [32] studies have been published on the plasma characteristics in DF CCPs sustained by VHF sources. Hebner et al. 28 performed measurements in a DF 300 mm-wafer plasma processing reactor, showing that the electron density was independent of the 13 MHz bias power as it increased from 0 to 1500 W when the high frequency (HF) was fixed at 60 MHz. Barnat et al. 29 revealed that the radial distribution of the voltage drop across the sheath became nonuniform at the frequency of 60 MHz, and the nonuniformity was still present when a LF (13.56 MHz) source was applied to the electrode together with a HF (60 MHz) source. Bera et al. 30 proved that, by a combination of computational modeling and diagnostic experiments, VHF mixing was an effective method for dynamically controlling the plasma uniformity. Furthermore, Yang and Kushner 31, 32 utilized a full-wave Maxwell solver, focusing on the plasma characteristics in DF CCPs at various discharge conditions. They reported that the electron density shifts from edge high to center-and-edge high with increasing HF, and finally, a midradius high profile was observed at 150 MHz in Ar/CF 4 CCPs.
From the literature overview mentioned above, it is indeed clear that when the discharge is sustained by VHF sources, the so-called electromagnetic effects start to have a significant influence on the plasma radial uniformity, which accordingly affects the etch and deposition processes. To improve the spatial uniformity, many methods have been put forward, for instance, lens-shaped electrodes, [33] [34] [35] ladder-shaped electrodes, 36, 37 graded conductivity electrodes, 38 and phase-shift control. [39] [40] [41] [42] Recently, Chabert and Braithwaite 43 proposed that adding a LF source could suppress the nonuniformity caused by the VHF source. Therefore, the aim of this work is to elucidate the influence of the LF power on the plasma radial uniformity, which has not been investigated in detail yet in a CF 4 /O 2 gas mixture. For this purpose, we employ a two-dimensional hybrid fluid-Monte Carlo model, i.e., the so-called hybrid plasma equipment model (HPEM), 44 to investigate the plasma characteristics in CF 4 /O 2 DF discharges. The etch rate and its uniformity across the wafer are also measured experimentally, and the model is used to explain the trends in the etch rate uniformity. Indeed, a better understanding of the CF 4 /O 2 HF and VHF plasma is important, and can help us to effectively improve the plasma processing in microelectronics applications.
II. DESCRIPTION OF THE MODEL
In this paper, the so-called HPEM, developed by Kushner and co-workers 44 is employed to investigate the electromagnetic effects in DF CF 4 /O 2 CCPs under different discharge conditions. The HPEM is a comprehensive modeling platform, which addresses different physical and chemical processes in a self-consistent manner by a series of modules.
In this work, three modules of the HPEM, i.e., the fluid kinetics simulation (FKS) module, the electron energy transport module (EETM), as well as the Maxwell solver, are employed to investigate the plasma properties in a CF 4 /O 2 gas mixture. The diagram of the different modules of the HPEM used in this work is shown in Fig. 1 .
The EETM module computes the time varying electron transport properties, by using the electron Monte Carlo simulation (EMCS) module or the Boltzmann equation. In this work, the EMCS module is used to simulate the electron temperature, EEDF and electron impact rate coefficients. The collisions between electrons and other species are included in the EMCS module, and the electron trajectories and positions are advanced according to Newton's law and by the electrostatic and electromagnetic fields calculated from the Maxwell solver.
The electron impact rate coefficients from the EMCS are used as input in the FKS module, in which the continuum transport equations are solved to obtain the plasma species densities and fluxes
where n i , C i , and S i are the density, flux, and source term of particle i. The momentum and energy equations solved for neutral and ion transport are
Here, u i , m i , T i , q i , l i , c i , P i , and e i are the velocity, mass, temperature, charge, viscosity (used only for neutral species), heat capacity, pressure, and energy of particle i, respectively; ij is the collision frequency between species i and j, and k ij is the rate coefficient for formation of the species by collisions; j is the thermal conductivity.
In order to include the electromagnetic effects in VHF discharges, a full solution of Maxwell's equations is integrated into the FKS, as opposed to only the electrostatic Poisson's equation
where J r and J z are the radial and axial components of the conduction current, l is the permeability, and e is the permittivity. It should be noted that the Darwin approach would also be sufficient for studying nearly all cases of the electromagnetic effects in high frequency CCP discharges, since the radiative effects can be neglected under this condition. 58 By using the Darwin approximation, the courant criterion is removed, which could significantly reduce the computational cost. However, we adopted the full Maxwell solver in this paper, which may be not very necessary, but it is certainly valid. With this method, we can correctly include all the electromagnetic effects.
Subsequently, the inductive electric and electrostatic fields from the Maxwell solver are returned to the EMCS module to update the coordinates and the velocities of the electrons. The Maxwell equations are discretized on a staggered mesh and solved using the finite difference time domain techniques. In order to overcome the time limitation, Poisson's equation is solved by using the semi-implicit technique. Some numerical acceleration techniques have been employed to achieve the steady state. For instance, we could extrapolate the densities into the future by using the past history of densities. The iteration between different modules continues until convergence is achieved.
The plasma species included in the model are listed in Table I . In CF 4 /O 2 plasmas, various molecules, radicals, ions, excited species, as well as the electrons exist, and need to be taken into account. The excited species O* consists of the 4s and 4p levels. Electron impact vibrational excitations are included for O 2 , as they contribute to the energy loss of the electrons, but the excited levels of O 2 are not explicitly taken into account as separate species. Therefore, O 2 includes the ground state molecule and two electronic excited levels with thresholds of 8.40 and 10.0 eV; for these three states, one rotational excitation and two vibrational excitations are included. [45] [46] [47] The electron impact reactions considered in the model for the CF 4 /O 2 plasma are presented in Table II . This table includes the electron collisions with various molecules, radicals, excited species, and ions, i.e., excitation, ionization, recombination, detachment, de-excitation, dissociation, as well as dissociative attachment, excitation, ionization, and recombination. Elastic collisions between the electrons and all the species are included in the model but are not listed in Table II . For most of the electron impact reactions, the rate coefficients are calculated from the energy dependent cross sections in the EMCS module, and the corresponding references for these cross sections are also given in Table II. The heavy particle reactions taken into account in the model are listed in Table III , as well as the rate coefficients, and the references where these data are adopted from.
A simple surface reaction mechanism is considered in this model. All positive ions are neutralized with a 
Electrons
probability of 1 at the walls, and they return to the plasma as the corresponding neutrals. The sticking coefficients for CF 3 , CF 2 , CF, F, and C are set as 0.006, 0.06, 0.26, 0.1, and 0.6, respectively, as obtained by molecular dynamics simulations. 59 In addition, since the secondary electrons only have an important influence on the ionization, and induce transitions of the electron heating mode from a to c at high pressures and high voltages, 1,60,61 secondary electron emission can be neglected in the model. The transport coefficients and elastic cross sections for the heavy species are calculated by using the Lennard-Jones parameters. 62 
III. EXPERIMENTAL SETUP
The experiments are carried out in a LAM 2300 Exelan Flex reactor, which is used for etching of 300 mm wafers. 48 The schematic diagram of this cylindrical CCP reactor is shown in Fig. 2 . The gas mixture is introduced in the reactor through a showerhead, which also serves as the top electrode. The wafer is placed on top of the bottom electrode, which is surrounded by a so-called "hot edge ring," made of pure Si. A quartz ring with a low dielectric constant (i.e., e/e 0 ¼ 3.9) is placed out of the hot edge ring, in order to reduce the radio-frequency (rf) electric field near the wall. The bottom electrode is powered by rf sources (both SF and DF can be used), and the top electrode and all other surfaces in the reactor are grounded metal.
The substrates used for this experimental study are 300 mm silicon on insulator wafers with a 100 nm thick SiO 2 layer and 200 nm polysilicon layer on top. By means of spectroscopic ellipsometry (KLA Tencor), the etch rate was determined by measuring the thickness of the amorphous top layer before and after the etch process.
IV. RESULTS AND DISCUSSION
In this paper, we mainly focus on the effect of the LF power on the plasma properties, and especially on the plasma uniformity, in DF (HF and VHF) CCPs. However, first, the plasma composition is presented in Sec. IV A, to elucidate which are the important species in the plasma that are responsible for the etch rate in Sec. IV C. Subsequently, the plasma distributions obtained with and without Maxwell solver for a SF (HF and VHF) CCP are presented in Sec. IV B. From this section, it will be clear that the electromagnetic effects have an important influence on the plasma uniformity when the frequency is in the HF and VHF regime, which accordingly affects the etch process. Hence, in order to suppress the nonuniformity caused by the electromagnetic effects, a LF source is added to the discharge in Sec. IV C, and the influence of the LF power on the plasma uniformity will be investigated in detail by examining the measured etch rate and comparing it with the calculated fluxes of the important plasma species, in a wide range of LF powers.
A. Plasma composition
In order to obtain a general idea of the plasma composition, the calculated volume averaged densities of all species by using the full hybrid 2D model are shown in Fig. 3 , for a CF 4 /O 2 ratio of 0.9/0.1 at 50 mTorr gas pressure and 100 sccm gas flow rate, when the discharge is sustained by a SF source, i.e., 27 MHz at 300 W. 
It is clear that CF 4 is the dominant species in the discharge, and its density (i.e., 1.2 Â 10 15 cm
À3
) is almost one order of magnitude higher than for O 2 (i.e., 1.3 Â 10 14 cm À3 ), which reflects the gas ratio. CF 4 is mainly lost by electron impact dissociation, dissociative ionization, and dissociative attachment. The first process is most important, and gives rise to a high density of CF 3 radicals (i.e., 4.7 Â 10 13 cm
) and F atoms (i.e., 9.8 Â 10 12 cm
). Other important plasma species are COF 2 and CO 2 , whose densities are in the same order of magnitude as the CF 3 density. This can be explained by the high rate coefficient between CF 3 and O (the main reactants for the formation of COF 2 ), as well as their high densities. On the other hand, a large amount of COF 2 is lost by the collision with O*, which accordingly gives rise to a high density of CO 2 . Furthermore, also the F 2 and CO densities are rather high. 
The densities of the charged species are several orders of magnitude lower than for their neutral counterparts, as is TABLE III. Heavy particle reactions included in the model.
Reaction
Rate coefficient (cm 3 /s) Reference ) is only a factor of 4 lower than the CF þ 3 density (i.e., 3.2 Â 10 10 cm À3 ). This can be attributed to the higher ionization threshold for CF 4 49, 53 Moreover, the CO þ 2 ions also have a high density; they are mainly generated by electron impact ionization of CO 2 .
Due to the electronegativity of CF 4 and O 2 , there exist a large amount of negative ions in the plasma. The dominant negative ion species is F À , whose density is about 20 times higher than for CF ). This is because the cross section for dissociative attachment of CF 4 for F À production is five to six times higher than that for CF À 3 production, 63 and moreover the F À ions can also be produced by electron impact dissociative attachment of F 2 and CF 3 . The O À ions are mainly formed by electron impact dissociative attachment of O 2 , and their density is about two times lower than for F À (i.e., 5.6 Â 10 9 cm À3 ). Hence, the O À /F À ratio is much higher than the O 2 / CF 4 ratio, which can be attributed to the higher rate coefficient for the recombination between F À and CF þ 3 ions. Nevertheless, in spite of the large abundance of negative ions, the electrons are still the major negative charge carriers at this condition. Note that these results apply to a CF 4 /O 2 ratio of 90/10; when this ratio changes, the relative composition changes accordingly. However, in Secs. IV B and IV C, we also keep the CF 4 /O 2 ratio fixed at 90/10. Moreover, the results are presented for a SF discharge at 27 MHz, but when the discharge is sustained by a SF source of 60 MHz or by DF sources (i.e., 27 þ 2 and 60 þ 2 MHz), although the absolute values of the volume averaged densities of all species might be a bit different due to different discharge conditions, the plasma composition in general is very similar (hence it is not shown here).
B. Electromagnetic effects
In this section, we investigate the influence of the electromagnetic effects on the plasma properties, by examining the plasma density distributions obtained in the models with and without Maxwell solver, for a SF discharge at both 27 and 60 MHz. By solving Maxwell's equation, the effects resulting from wave penetration into the plasma are included, which gives rise to a different distribution of the electric field, and therefore, it affects the plasma behavior. 31 The electron densities calculated without and with Maxwell solver at 27 MHz show striking differences, as are apparent from Figs. 4(a) and 4(b) . When the Maxwell solver is applied, a more uniform electron density distribution is observed with higher absolute values than in the case without Maxwell solver (i.e., maximum of about 3.2 Â 10 10 cm À3 vs 1.8 Â 10 10 cm À3 ). This can be explained because the axial inductive electric field has a maximum in the center, which enhances the electron heating and therefore increases the electron density in the center [see Fig. 10(b) ]. This difference indicates that the inductive electric field has an important influence on the plasma properties, although the frequency (27 MHz) is not yet in the VHF regime. Besides, the magnetic Reynold's number R m ¼ l 0 e 2 n e L 0 2 =m e can be used as a measure of the skin effect, where L 0 is the characteristic length scale. When the Maxwell solver is applied at 27 MHz, R m ¼ 36.5 ) 1 (volume averaged n e $ 2:156 Â 10 10 cm À3 ), and the skin effect has a significant influence on the plasma distribution, as was also reported in Ref. 64 .
The higher electron density in Fig. 4 (b) also leads to a higher CF 4 ionization rate, and results in a higher CF 
The F
À density profiles are shown in Figs. 4(e) and 4(f). It is clear that the electromagnetic effects have no significant influence on the shape of the F À density, i.e., the F À ions are confined to the electronegative core of the plasma with a uniform distribution along the radial direction. Besides, the maximum of the F À density increases only slightly from 3.2 Â 10 10 to 3.4 Â 10 10 cm À3 when the Maxwell solver is included, due to the higher electron impact dissociative attachment caused by the electromagnetic effects.
When the frequency increases to 60 MHz (see Fig. 5 ), the distributions of the electron density are again strikingly different, both in shape and especially in absolute values, when the electromagnetic effects are taken into account. Indeed, the electron density calculated in the model combined with Maxwell solver [ Fig. 5(b) ] is higher and less uniform than that obtained in the case without electromagnetic effects [ Fig. 5(a) ]. Note that this trend is opposite from the behavior at 27 MHz, where the electron density profile was more uniform when the electromagnetic effects were taken into account.
By comparing Figs. 4(b) and 5(b), it is clear that the offaxis peak of the electron density becomes more evident as the frequency increases, which has also been observed by Yang and Kushner in Ar/CF 4 plasmas. 31 Indeed, as the frequency increases from 27 to 60 MHz, the magnetic Reynold's number in the case with Maxwell solver varies from 36.5 to 42.6 when the volume averaged electron density increases to 2.517 Â 10 10 cm
À3
. This indicates that the skin effect becomes even more dominant under this condition, and the off-axis maximum is attributed to the dominant peak of the radial inductive electric field near the radial edge. 27, 64 In addition, the electron density profile is different from that observed in pure Ar discharges, which shows two maxima, i.e., in the center and near the edge, and this is caused by the electronegativity of CF 4 and O 2 . 31 The CF þ 3 density profile is not so much determined by the electromagnetic effects, as is clear from comparing Figs. 5(c) and 5(d); only its absolute value increases when including the electromagnetic effects, similar to the case of 27
MHz. However, the electromagnetic effects on the F À density are a bit more pronounced, as shown in Figs. 5(e) and 5(f). In the case without Maxwell solver, the F À density has a uniform distribution along the radial direction, which is similar to that observed at 27 MHz [cf. Figs. 4(e) and 4(f)], except for a higher value. However, when the Maxwell solver is included, the uniformity becomes worse and the maximum of the F À density appears at the radial edge of the bottom electrode, which indicates that the electromagnetic effects have a more pronounced influence on the plasma characteristics at 60 MHz.
Radial distributions of the power deposition along the reactor centerline calculated in the models without and with Maxwell solver at 27 and 60 MHz are shown in Fig. 6 . It is clear that the power density is characterized by an edgepeaked profile under all the selected discharge conditions due to the skin effect, as mentioned above. When the Maxwell solver is included, the power deposition is higher than in the case without Maxwell solver both at 27 and 60 MHz, due to the more efficient heating mechanisms caused by the electromagnetic field. Moreover, when the frequency is higher, i.e., 60 MHz, the difference between the power densities calculated in the models without and with Maxwell solver becomes more obvious than at 27 MHz, especially at the radial edge. This can be explained because the electromagnetic effects become more significant at 60 MHz.
Indeed, when the electromagnetic effects are included, the electrons are heated by both the electrostatic field and the electromagnetic field. This indicates that the electrodynamics is influenced by the electromagnetic effects, and so is the plasma chemistry. The rate coefficients of electron impact dissociative ionization, dissociation, and dissociative attachment of CF 4 calculated without and with Maxwell solver at 27 and 60 MHz are shown in Fig. 7 . It is clear that when the Maxwell solver is included at 27 MHz, the rate coefficient of electron impact dissociative ionization of CF 4 increases from 9.09 Â 10 À11 to 1.01 Â 10 À10 cm 3 s
À1
, due to the higher electron temperature caused by the electromagnetic effects. When the frequency is 60 MHz, the ionization rate coefficient increases by about 20% (i.e., around 1.03 Â 10 À10 cm 3 s À1 in the case without Maxwell solver, and around 1.24 Â 10 À10 cm 3 s À1 in the case with Maxwell solver), which indicates that the electromagnetic effects become more pronounced at higher frequencies. However, the rate coefficients of electron impact dissociation and dissociative attachment of CF 4 become lower when the Maxwell solver is employed both at 27 and 60 MHz. The different behavior of the rate coefficients for electron impact dissociation and dissociative attachment can be attributed to the lower threshold energy of these processes. Indeed, when the electromagnetic effects are taken into account, the electrons absorb more power (see Fig. 6 ), and the number of electrons with higher energy becomes larger, and this accordingly increases the ionization rate coefficient, while it reduces the dissociation and attachment rate coefficients. Figure 8 shows the radial distributions of the F atom flux, the O atom flux, the CF 2 radical flux, and the total positive ion flux above the bottom electrode, calculated both at 27 and 60 MHz. We selected these species, since they contribute most to the etch process, as will be illustrated below. In general, the profiles of the fluxes obtained with and without Maxwell solver exhibit a similar shape (except for the O atom flux at 60 MHz), but the absolute values are higher when the electromagnetic effects are taken into account, at both 27 and 60 MHz. This is because the electrons are now heated not only by the electrostatic field, but also by the inductive electric field, which gives rise to a higher electron density, and accordingly it increases the electron impact reaction rates and hence the production of reactive species.
When comparing the effect of the frequency, it is clear that all the fluxes increase with higher frequency. This is caused by the more efficient electron heating and less power dissipation by ion acceleration.
1 Moreover, the F atom flux profile [ Fig. 8(a) ] shifts from a rather uniform profile at 27 MHz to a broad maximum in the center at 60 MHz. This is because at 27 MHz, although a large amount of F atoms is lost by pumping at the radial edge, 65 more F atoms are generated in this region due to the higher electron temperature caused by the radial electric field. However, at 60 MHz, the loss due to the pumping has a dominant influence on the F atom flux distribution. The O atom flux [ Fig. 8(b) ] is uniform along the radial direction in the bulk region, but with a slightly higher value near the radial edge at 27 MHz, due to the higher electron density there. When the frequency increases to 60 MHz, the O atom flux calculated without Maxwell solver is characterized by a rather uniform profile, which is slightly higher in the center, but when the electromagnetic effects are taken into account, the O atom flux near the radial edge exhibits a significant increase from 7.8 Â 10 15 to 1.2 Â 10 16 cm À2 s
. Thus, the O atom flux is characterized by a clear off-axis peak under this condition. The CF 2 radical flux [ Fig. 8(c) ] exhibits a broad maximum in the center at 27 MHz, and this becomes even more pronounced as the frequency increases to 60 MHz. Finally, the total positive ion fluxes calculated with and without Maxwell solver at 27 and 60 MHz, presented in Fig. 8(d) , exhibit similar profiles in all cases, except again for a remarkable increase in the magnitude of the fluxes, both at 27 and 60 MHz, due to the significant power deposition caused by the inductive electric field, as mentioned above.
In summary, it can be concluded that the calculated plasma species densities and their fluxes above the bottom electrode are influenced by the electromagnetic effects, both at 27 and 60 MHz, especially in absolute values. Indeed, when the Maxwell solver is included, the electron density becomes higher at both 27 and 60 MHz, which yields higher electron impact reaction rates, and gives rise to a higher plasma density and higher fluxes above the wafer. When the frequency is low, i.e., 27 MHz, no obvious electromagnetic effects on the shapes of the CF þ 3 and F À densities and on the fluxes of the neutral species and ions are detected. However, as the frequency increases to 60 MHz, the differences between the plasma characteristics obtained with and without Maxwell solver become more obvious. A nonuniform F À density distribution is observed, and the O atom flux above the bottom electrode is characterized by a pronounced maximum at the edge due to the profound influence of the electromagnetic effects at 60 MHz. Finally, the electromagnetic effects act differently on the electron density profile at 27 and 60 MHz, because the profile is more uniform in the case with the electromagnetic effects at 27 MHz, whereas it becomes less uniform at 60 MHz. This can be explained by the fact that the radial inductive electric field, which is characterized by a prominent off-axis peak, plays a dominant role in the plasma distribution at 60 MHz.
C. Effect of adding a low frequency power on the plasma uniformity As shown in Sec. IV B, the plasma density becomes more nonuniform along the radial direction at higher frequency. In plasma processing applications, it is important to improve the plasma uniformity, as it affects the uniformity of the etch and deposition processes. Therefore, we have applied an additional LF power of 2 MHz on the bottom electrode, varying from 0 to 1000 W, to elucidate whether this can 4 /O 2 discharge sustained at 27 and 60 MHz, and 300 W. The other conditions are also the same as in Fig. 3. improve the plasma uniformity. The HF is fixed at 27 and 60 MHz, with a power of 300 W.
In this section, we will show the measured etch rates across the wafer, and compare them with the calculated fluxes of various species to the wafer, as obtained by the model, at two different HFs (27 and 60 MHz) and various values of the LF power. We defined a so-called nonuniformity degree a as follows:
where R max , R min , and R ave are the maximum, the minimum, and the average values of the etch rate.
The evolution of the measured etch rate as a function of LF power in the discharge with a HF source of 27 MHz at 300 W is presented in Fig. 9(a) . When the LF source is switched off, the distribution of the etch rate is uniform along the radial direction (a % 2.2%), and the absolute value is very low, i.e., 62 nm min
. By switching on the LF source, the etch rate increases drastically, and it becomes significantly higher at higher LF power values. This indicates that the LF power plays an important role in producing a higher density plasma. At a LF power of 300 W, the averaged etch rate is in the order of 90 nm min
, and the uniformity is comparable (a % 2.3%). As the LF power increases further to 500 and 1000 W, the averaged etch rate increases further, to about 121 nm min À1 at 1000 W, but the uniformity becomes worse. Indeed, the etch rate reaches a minimum near the radial edge of the bottom electrode, and the nonuniformity degree at 1000 W (a % 5.8%) is two to three times higher than in the case without LF source.
In the etch process, the material can be removed from the surface by sputtering, pure chemical etching, ion energy driven etching, and ion inhibitor etching. It is known that the F atoms can react with silicon and silicon dioxide, forming volatile compounds without ion bombardment, which means that the F atoms play a role in determining the etch rate. 1 However, for a given F atom flux, the etch process can be enhanced, and the etch rate can increase by a factor of 5-10 due to the bombardment of energetic ions.
1 Hence, the etch rate is also influenced by the ion flux above the wafer. Moreover, the discharge does not only generate the etchants and energetic ions, but also the precursors for deposition of polymer films, such as CF x -based layers. It is known that CF 3 radicals do not contribute much to the polymer deposition, due to their low sticking probability. 66 Hence, the CF 2 radicals are considered as the main species for polymer deposition, which will reduce the etch rate.
In order to quantitatively calculate the etch rates with the model, a full surface chemistry module with a large number of reactions needs to be built, as described in Ref. 45 , for which more input data than just the sticking coefficients are needed, which are not commonly available. Therefore, in this work, a simple formula is employed to estimate the etch rates under different conditions, and to compare them in a qualitative way with experimental data. The etch rate in pure CF 4 discharges can be estimated from
Si ;
where C F and C CF x are the net fluxes of F and CF x toward the wafer, respectively. 1 According to this formula, it is clear that the etch rate increases with the F flux, and decreases with the CF x fluxes, as they cause deposition of polymer films which cannot be removed from the surface in the absence of ion bombardment, and this accordingly reduces the etch rate. In addition, when O 2 is added to CF 4 , the O atoms will oxidize the surface, which will accordingly reduce the etch rate as well. Under this condition, the etch rate is given by
where g O gives the competitive efficiency for O atoms over F atoms to be adsorbed. 1 For a given g O , the etch rate becomes lower as the O atom flux increases.
Based on the equations mentioned above, the etch rate in our case (CF 4 /O 2 plasma) can be approximately expressed as
where f ðC CF x Þ is a function of the CF 2 radical flux. Indeed, as mentioned above, CF 2 is the most important species for polymer deposition. By fitting this function and the values of factor 1 and factor 2 according to the experimental data in one case at the HF of 27 and 60 MHz, the etch rate is estimated for all the other cases. The radial distributions of the etch rates calculated in this way at 27 MHz are shown in Fig.  9 (b). By comparing with the experimental data, it is clear that the calculated etch rate in the SF discharge is less uniform, being higher at the edge. When the LF source is added with a power of 300 W, the calculated etch rate increases, and it becomes more uniform along the radial direction, as was also observed in the experiment [see Fig. 9(a) ]. As the LF power increases to 500 W, the calculated etch rate increases from 99 to 110 nm min
, and the radial uniformity is still good. However, the uniformity becomes worse when the LF power increases further to 1000 W, which is similar to the experimental results. Although this simple formula can of course not describe the entire surface chemistry in an accurate way, it can help us to understand the evolution of the etch rates under different conditions.
In addition, it should be noted that in the etch process, the etchants diffuse or flow to the surface, where they are adsorbed and react to form the product. The etched species are desorbed from the surface, diffuse or flow into the gas phase and react with the species in the discharge. Besides, the etched species in the gas phase can also be adsorbed back onto the surface again. Therefore, the concentration of the etch products in the plasma depends on the etch rate and the gas flow (residence time). We calculated before that in an inductively coupled plasma discharge at 40 mTorr with an etch rate of 300 nm/min at 100 sccm gas flow, the total 4 /O 2 discharge at 27 MHz, and a DF discharge sustained at 27 þ 2 MHz, and different LF powers. The HF power is fixed at 300 W. The other conditions are also the same as in Fig. 3. fraction of the etch products in the plasma is about 15%. 46 Since the pressure is fixed at 50 mTorr in this work, and the maximum of the etch rate is three times lower (121 nm/min) than in Ref. 46 , we expect that the fraction of the etch products in the plasma is about 5% in this case. Therefore, we believe that the etch products have no significant influence on the discharge. Figure 10 shows the radial distributions of the fluxes of the F atoms, the O atoms, the CF 2 radicals and the total positive ions toward the wafer, calculated for the same conditions as in Fig. 9 , as these four fluxes will determine the etch rate. From Figs. 10(a) and 10(b) , it can be deduced that when there is no LF source, the lower F atom flux and higher O atom flux lead to a lower etch rate in the SF discharge, as illustrated in Fig. 9 . When the LF source is switched on with a power of 300 W, the F atom flux increases slightly, whereas the O atom flux exhibits a considerable drop, thus the etch process is enhanced, explaining the higher etch rate observed in Fig. 9 . The significant drop of the O atom flux can be explained by the weaker axial electrostatic field above the bottom electrode in a DF discharge (as will be discussed below), which reduces the electron impact dissociation of O 2 and yields a lower O atom flux. Although the F atom flux and the total positive ion flux are characterized by a clear off-axis peak, the higher O atom and CF 2 radical fluxes near the radial edge of the wafer reduce the etch rate there, and this explains the rather uniform etch rate at this condition, as was shown in Fig. 9 . As the LF power increases to 500 and 1000 W, the F atom and total ion fluxes become more nonuniform, but the same applies for the O atom flux and the CF 2 radical flux, which are also characterized by strong off-axis peaks, caused by the prominent power deposition near the radial edge due to the skin effect. It is clear that these peaks have now a dominant influence on the etch rate, because the overall etch rate is at minimum near the radial edge at a LF power of 1000 W. Figure 11 illustrates the radial distributions of the axial electrostatic (a) and inductive electric (b) fields at various LF powers. The lower axial electrostatic field in DF discharges, as mentioned above, is indeed obvious from Fig.  11(a) . Furthermore, it is clear that the axial inductive electric field exhibits a broad maximum in the center in the SF discharge, whereas it shifts to an edge-high profile with much lower absolute values when the LF source is switched on. This indicates that the electromagnetic effects become weaker by adding a LF power.
As the HF increases to 60 MHz, the electromagnetic effects play a major role in the SF discharge, as we have illustrated in Sec. IV B, and therefore, adding the LF power has a different effect on the plasma uniformity. In a SF discharge sustained at 60 MHz and 300 W, the axial electrostatic field is rather uniform [see Fig. 12(a) ], but the axial inductive electric field is characterized by a maximum at the center [i.e., 307 V/cm, cf. Fig. 11(b) ], which demonstrates again the strong electromagnetic effects under this condition. Therefore, the etch rate is slightly higher at the reactor center, and the nonuniformity degree is about 6.1% [see Fig.  13(a) ]. When the LF source is added with a power of 300 W, the electromagnetic effects are clearly suppressed, as is demonstrated in Fig. 12(b) . Indeed, a more uniform axial inductive electric field distribution is observed with only a slightly higher value near the edge, and the magnitude is almost one order lower than in the case without LF source [i.e., maximum of about 42 V/cm, cf. Fig. 12(b) ]. Therefore, the uniformity of the etch rate becomes much better [see Fig.  13(a)] , with a value of a equal to 0.7%, which is about one order lower than the value in the SF discharge. Moreover, the amplitude of the etch rate increases by about 50% (i.e., around 65 nm min À1 in the SF discharge, and around 99 nm min À1 at a LF power of 300 W). This demonstrates that the radial uniformity can be improved by adding a LF source. However, when a LF power of 500 or 1000 W is added, the etch rate at the reactor center increases significantly, whereas the etch rate near the radial edge increases only slightly, and therefore, the uniformity becomes worse again (i.e., with a maximum etch rate at the reactor center, and a % 5.8% at 500 W and a % 5.3% at 1000 W).
The calculated etch rate profiles at the HF of 60 MHz with different LF powers are shown in Fig. 13(b) . The etch rate is characterized by a center high profile when the LF source is switched off, due to the significant electromagnetic effects. By switching on the LF source, the etch rate at the radial edge increases faster than at the center, which produces a more uniform etch rate at a LF power of 300 W. However, as the LF power increases further to 500 and 1000 W, the etch rate at the reactor center is slightly higher than at the radial edge, and the uniformity becomes worse again. Although the absolute values of the calculated etch rates are somewhat different from those measured in the experiment, the trend with rising LF power is the same.
In order to understand these different etch rate profiles, the fluxes of F, O, and CF 2 and the total positive ion flux are presented in Fig. 14 , for the same conditions as in Figs. 12 and 13. When there is no LF power, the F atom flux at the center is somewhat higher than near the edge [ Fig. 14(a) ], whereas the total positive ion flux exhibits a uniform distribution along the radial direction [ Fig. 14(d) ]. The O atom flux is somewhat higher near the edge, whereas the CF 2 flux is characterized by a broad maximum in the center. The combination of these profiles leads to an etch rate which is slightly higher at the reactor center. By switching on the LF source at 300 W, the F atom flux near the radial edge shows a pronounced increase, which enhances the etch process there. However, the O atom flux reduces the etch rate at the radial edge, yielding a good uniformity of the etch rate, as is clear from Fig. 13 . When the LF power increases further to 500 and 1000 W, although the off-axis peaked profiles of the F atom flux and the total positive ion flux become more significant, the prominent peaks of the CF 2 and O atom fluxes near the radial edge have a dominant influence on the etch process, resulting in a decrease of the overall etch rate near the edge. As a consequence, the etch rate profile shows a 4 /O 2 discharge at 60 MHz, and a DF discharge sustained at 60 þ 2 MHz, and different LF powers. The HF power is fixed at 300 W. The other conditions are also the same as in Fig. 3 . maximum near the center, and the uniformity becomes worse again, as was indeed clear from Fig. 13 .
V. CONCLUSIONS
In this work, a two-dimensional hybrid fluid-Monte Carlo model combined with a full-wave Maxwell solver, i.e., the so-called HPEM, is employed to investigate the plasma behavior in a SF and DF CCP operating in CF 4 /O 2 . After showing the typical plasma composition, we demonstrate by examining the spatial distributions of the electron density, CF þ 3 density, F À density, and of the fluxes of various species toward the wafer, that the electromagnetic effects have an important influence on the plasma properties, and the plasma uniformity, of a SF CCP, both at 27 and 60 MHz. However, it does not mean that the electromagnetic effects are always dominant. When these effects are not pronounced, or when the focus of the research would be on other aspects in the discharge, the electrostatic approximation also works well.
Therefore, to find out whether adding a LF power can improve the plasma (and etch rate) uniformity, we have performed a detailed study on the plasma uniformity in both SF and DF CCPs, at a HF of 27 and 60 MHz and a LF of 2 MHz, for different values of LF power. For this purpose, we have measured the etch rate in this range of conditions. At a HF of 27 MHz, the etch rate is rather uniform in a SF discharge, as well as in a DF discharge when adding a LF power of 300 W; the latter enhances the etch rate but does not affect the uniformity. However, adding a higher LF power (of 500 or 1000 W) increases the etch rate further, but the uniformity becomes worse. On the other hand, when the discharge is sustained at a HF of 60 MHz and 300 W, the etch rate is less uniform, with slightly higher values at the reactor center in the SF discharge, and the uniformity becomes much better when a LF power of 300 W is added. As the LF power increases further to 500 and 1000 W, the uniformity becomes worse again, with a minimum near the radial edge. This behavior of the etch rate under various conditions could be explained by examining the fluxes of various species above the wafer, playing a role in the etch process, i.e., the F atoms, the O atoms, the CF 2 radicals and the ions, as well as from the radial profiles of the axial electrostatic and inductive electric fields. From these studies, we can conclude that the electromagnetic effects have an important influence on the plasma behavior, especially on the plasma uniformity in CF 4 /O 2 discharges sustained by HF and VHF sources. By adding a LF source with a moderate power (e.g., 300 W), the nonuniformity caused by the electromagnetic effects, especially in the 60 MHz case, can be suppressed. However, when the LF power is too high (e.g., 500 or 1000 W), the uniformity becomes worse again. This is very important to realize, as it can help us to optimize the plasma processing.
